[1] A combination of centrifugal and Coriolis forces drive the secondary circulation of turbidity currents in sinuous channels, and hence determine where erosion and deposition of sediment occur. Using laboratory experiments we show that when centrifugal forces dominate, the density interface shows a superelevation at the outside of a channel bend. However when Coriolis forces dominate, the interface is always deflected to the right (in the Northern Hemisphere) for both left and right turning bends. The relative importance of either centrifugal or Coriolis forces can be described in terms of a Rossby number defined as Ro = U/fR, where U is the mean downstream velocity, f the Coriolis parameter and R the radius of curvature of the channel bend. Channels with larger bends at high latitudes have |Ro| < 1 and are dominated by Coriolis forces, whereas smaller, tighter bends at low latitudes have |Ro| ) 1 and are dominated by centrifugal forces. Citation: Cossu, R., and M. G. Wells (2010) , Coriolis forces influence the secondary circulation of gravity currents flowing in large-scale sinuous submarine channel systems, Geophys. Res. Lett., 37, L17603, doi:10.1029/2010GL044296.
Introduction
[2] Sinuous submarine channels are the main conduits by which turbidity currents transport sediments to the deep ocean basins [Meiburg and Kneller, 2010] . Recent non-rotating experiments on channelized turbidity currents have shown that the morphological evolution and associated depositional histories of submarine channel systems are highly influenced by the secondary flow structures within the channel, which determine where erosion and deposition will occur [Keevil et al., 2006; Straub et al., 2008; Islam and Imran, 2008] . The main focus in these non-rotating experiments has been to investigate the secondary circulation due to an imbalance of centrifugal and pressure gradient forces in channel bends, which plays a major role in the formation of superelevation of levee systems at the outer bend [e.g., Straub et al., 2008; Kane et al., 2010] . The circulation in such a curved channel is shown in Figure 1a . At the level of the downstream velocity maximum the centrifugal forces are at a maximum. The velocity maximum usually occurs relatively close to the base of the gravity current due to drag induced by mixing processes at the upper interface [Turner, 1973; Meiburg and Kneller, 2010] . For such velocity profiles [e.g., Corney et al., 2008; Keevil et al., 2006] the secondary flow near the base is directed towards the outer bend, with a return flow near the surface, in contrast to river flows. In some experiments using square channels there is an additional secondary flow directed towards the outside bend below the velocity maximum [Imran et al., 2007; Islam and Imran, 2008] .
[3] Coriolis forces deflect the bulk of a gravity current to the right (in the Northern Hemisphere) [Davies et al., 2006; Wells, 2009] , which causes a lateral tilt of the interface in a confined, straight channel. This tilt (and any secondary circulation) means that overbanking sediment flows are more likely to occur on the right hand side of the channel (looking downstream) for mid-and high latitude systems in the Northern Hemisphere, leading to an asymmetry between levee bank heights [Menard, 1955; Komar, 1969] . Observations at higher latitudes have found that the right hand side channel levee is consistently higher in the Northern Hemisphere [Klaucke et al., 1997] while the left hand side channel levee is higher in the Southern Hemisphere [Carter and Carter, 1988; Bruhn and Walker, 1997] . In addition, Coriolis forces generate Ekman boundary layers in gravity currents [Wåhlin, 2004] as illustrated in Figures 1b and 1c , for the case of the Northern and Southern Hemisphere respectively. In previous theoretical and experimental studies by Wåhlin [2004] and Cossu et al. [2010] these boundary layers were shown to play a critical role in determining the sense of the rotationally controlled secondary circulation in gravity currents flowing down straight channels. These secondary circulations dominated by Ekman boundary layer dynamics are also observed in oceanic gravity currents [Johnson and Sanford, 1992] .
[4] There are few direct observations of the velocity structure within turbidity currents because their infrequent occurrence; the great water depths and high current velocities make measurements difficult to obtain [Xu et al., 2004; Meiburg and Kneller, 2010] . The dynamics of large-scale non-depositional turbidity currents are often assumed to be similar to gravity currents, so that previous experiments in sinuous channels [e.g., Keevil et al., 2006; Imran et al., 2007; Islam and Imran, 2008] have used studies of saline gravity currents to gain insight into the secondary circulation in turbidity currents. An open question is whether the secondary circulation in large-scale turbidity currents flowing down a sinuous channel will be dominated by centrifugal forces or by Coriolis forces. We will address this question through the use of analog laboratory experiments mounted on a rotating platform that can produce Coriolis forces. In particular we will investigate how interface slope and the secondary circulation cells in a saline gravity current change in terms of a dimensionless Rossby number, and so determine when the flows are dominated by Coriolis or centrifugal forces.
Theory
[5] The geological observations of levee height asymmetry are usually described in terms of the cross-channel tilt (dh/dy) of the upper interface of the turbidity current, using the theory of Komar [1969] . Assuming that tangential friction is small and turbulence is absent, the momentum balance across the channel can then be written as
where U is the mean downstream velocity, R is the radius of curvature of the channel and f the Coriolis parameter, defined as f = 2W sin , with W the Earth's rotation rate and the latitude. R is defined as positive when the bend is to the left (looking downstream), so that the force is in the same direction as the Coriolis force in the Northern Hemisphere, while turns to the right will have negative R. The Coriolis parameter f is positive in the Northern Hemisphere and negative in the Southern Hemisphere, so that the sign of dh/dy depends upon both the latitude and the curvature of the channel. The reduced gravity is g′= g (r 2 − r 1 )/r 1 , where the gravity current has the density r 2 and r 1 is the ambient density of the seawater. Equation (1) can be re-arranged to give an equation for the interface slope whereby
Hence if the flow velocity remains constant, the interface deflection due to the Coriolis forces increases with latitude. We note that (2) has never been previously tested in a rotating experiment with a channel bend. The interface of the gravity current will be flat (dh/dy = 0) when Coriolis forces and centrifugal forces balance, which occurs when fh/U = −h/R for a bend to the right in the Northern Hemisphere. This condition can be re-written in terms of a Rossby number defined as
We hypothesize that in sinuous flows with |Ro| ) 1, the interface always slopes in towards the inner bend, while flows with |Ro| ( 1 the interface will always slope to the right-hand-side (left-hand-side) in the Northern Hemisphere (Southern Hemisphere). We note that a complete description of the flow dynamics around a bend would require a full momentum budget including cross-stream frictional influences and non-local adjustment terms as discussed by Nidzieko et al. [2009] . However, we focus on (1) to (3) and point to future work that has to incorporate these features in a more thorough mathematical model.
Experiments
[6] All experiments were conducted in a channel placed within a 1.85 m × 1.0 m × 0.35 m rectangular tank. This tank was rotated at a constant rate, with Coriolis parameters from f = 0 to ±0.5 rad s −1 . Before the experiment began, the tank had to be spun up for at least 30 min in order to achieve solid body rotation of the water. The channel had a constant, rectangular cross-section with a width of 10 cm and a height of 8 cm (similar in dimensions to Keevil et al. [2006] ) and was submerged by 0.1 m of water at the inflow point. As shown in Figure 1d , the channel consisted of a straight section of length 0.64 m, joined to a single channel bend of length of 0.9 m and with mean radius of R = +0.36 m (representing a sinuosity of 1.09). A constant velocity of the inflow was achieved by using a 0.10 m thick diffuser. We used a saline gravity current as an analog to a turbidity current. To visualize the slope of the gravity current interface at the bend apex, fluorescein dye was added to the saline mixture and the flow was illuminated by a thin sheet of light. The down-stream and across-stream velocity data were recorded in the apex of the left-turning channel bend using a Metflow Ultrasonic Doppler Velocity Profiler (UDVP), as used by Keevil et al. [2006] . Each UDVP probe records simultaneous single component velocity data along a profile of 128 points along the beam axis, at a frequency of 4 Hz. Measurement time per profile was 11 ms, with a 15 ms delay between the recording of each profile. Vertical velocity profiles were obtained from an array of 6 transducers at heights of 0.5, 1.5, 2.5, 3.5, 4.5 and 5.5 cm above the bottom. The velocities were averaged over an interval of Figure 1 . (a) In a curved channel the velocity maximum of the gravity current is close to the base of the flow, the secondary circulation consists of a basal flow towards the outer bend and a return flow near the surface and sometimes below the velocity maxima [Keevil et al., 2006; Islam and Imran, 2008] . (b) In a straight channel Coriolis forces deflect the upper density interface and drive secondary circulations due to the presence of Ekman boundary layers. In the Northern Hemisphere (f > 0) the interface is deflected to the right hand side of the channel, when looking downstream, whereas (c) in the Southern Hemisphere (f < 0) the interface is deflected to the left hand side and the secondary circulation is in the opposite sense. Our experiment consists of (d) a curved channel that can be rotated in either the Northern or Southern Hemisphere sense. approximately 30 s after the head of the current had passed the instrument. Experimental conditions are summarized in Table 1 .
Results and Discussion
[7] The strong dependence of the cross-stream slope of the density interface in the channel bend to changes in the Coriolis force is shown in a series of photographs in Figure 2 for various Coriolis parameter f. For f = 0 rad s −1 , the Rossby number is infinite and the density interface slopes up towards the outer bend due to the centrifugal acceleration (Figure 2a) . Such a superelevation is characteristic for nonrotating density currents in channel bends as described by Keevil et al. [2006] and Straub et al. [2008] . For a positive Coriolis parameter f = +0.25 rad s −1 , the Rossby number is +0.55 and the tilt of the interface towards the outer bend increases as now the Coriolis and centrifugal forces act in the same direction (Figure 2b) . The experiment shown in Figure 2c has a negative Coriolis parameter f = −0.25 rad s −1 so that the Rossby number is −0.42, and the Coriolis force acts in opposition to the centrifugal force and the superelevation at the outer bend of the interface is largely reduced. As the Rossby number is close to Ro = −1 there is an almost horizontal interface in the bend apex. For a larger negative Coriolis parameter f = −0.5 rad s −1 with Ro = −0.2, the current shown in Figure 2d now ramps up towards the inner bend and is completely reversed compared to Figure 2a . The observations in Figure 2 are typical of the approximately 100 experiments conducted using a range of g′ and f. In particular the horizontal interface observed in Figure 2c is always seen when 0.35 < Ro < 0.45 in other experiments using different g′ and f.
[8] The resulting secondary circulation patterns are presented in Figure 3 for different Coriolis parameter f. In the non-rotating experiment with f = 0 rad s −1 the cross-stream velocity structure is broadly similar to experiments of Keevil et al. [2006] . Near the base of the gravity current (between 1 and 2.5 cm) the flow is directed from the inside to the outside of the bend (in the region near the inside bend) while above this flow the fluid moves from the outside towards the inside bend which causes an upwelling close to the outside. The downstream flow velocity maximum occurs at depths between d = 1-2 cm. The total depth of the gravity current is h = 5 cm, so that the ratio of d/h = 0.2-0.4. In non-rotating gravity currents, the secondary circulation pattern is determined by the position of the velocity maxima [Corney et al., 2008] , so that when the velocity maximum is near the base (i.e. d/h < 0.4), there is a flow towards the outer bend at intermediate depths, as seen in Figure 3a . Very close to the bottom at 0.5 cm there is another flow directed toward the inner bend. This thin bottom boundary flow occurred below The flow thickness h was estimated visually at the point upstream of the channel bend, and is a good estimate of the centerline depth as shown in Figure 2 . the downstream flow maximum and is essentially the same feature observed by Imran et al. [2007] using a similar rectangular channel cross section. For a positive Coriolis parameter f = +0.25 rad s −1 (Figure 3b ) the corresponding flow field has a similar structure to the non-rotating experiment. However, as the centrifugal and Coriolis forces act together the tangential and upwelling velocities are intensified as is the superelevation (Figure 2b) at the outer bend.
[9] The flow pattern changes dramatically if the Coriolis parameter is negative and hence Coriolis force counteracts the centrifugal force, as seen in Figures 3c and 3d for f = −0.25 and −0.5 rad s −1 (Ro = 0.42 and 0.2 respectively). In both cases, the flow towards the outside bend at mid-depth has decreased significantly compared to Figure 3a , but there is still a flow between heights of 3 to 5 cm directed toward the inner bend. The vertical flows are now almost absent in the current, suggesting that there is non-local adjustment of the velocity occurring in the downstream direction. In both Figures 3c and 3d the basal flow towards the outer bend is almost absent, suggesting that the opposition of Coriolis and centrifugal forces suppresses this feature in rotating currents in left-turning channel bends in the Northern Hemisphere. This is in contrast to the case when the Coriolis force acts in concert with the centrifugal force, and the basal flow increased (Figure 3b ). Thus only when |Ro|(1 in a sinuous channel would there be a strong asymmetry in secondary circulation patterns between successive left and right turning channel bends.
[10] In previous studies [Keevil et al., 2006; Imran et al., 2007; Straub et al., 2008] secondary flows were reported to be of order of 10% of the mean flow. For our rotating experiments we find similar values with the secondary flows being between 5-15 mm s −1 , which is about 10-20% of the mean downstream velocity. As sketched in Figure 1b the currents in Figure 3 will have Ekman boundary layer flows directed towards the inner bend for positive f. For a value of f = +0.25 rad s −1 the Ekman number (Ek = u/fH 2 ) is one for a thickness of H = 0.2 cm, suggesting the Ekman boundary layer is much less than 1 cm in our experiments and hence may not be detectable with the UDVP in Figure 3. Despite being unable to explicitly resolve these thin boundary layers at large f, these Ekman flows are central to driving the significant cross-stream flows we report in the present paper.
[11] The importance of the Coriolis force on gravity current dynamics becomes evident when we compare the Amazon submarine channel, located at latitudes between 3°-7°, with the North Atlantic Mid-Ocean channel (NAMOC) located at latitudes of 53°-59°. The low latitude Amazon submarine channel system exhibits a strong sinuosity over several hundred kilometers and consistently has the highest levee banks on the outside of channel bends. Pirmez and Imran [2003] reported a mean radius of curvature of between 1-2 km and estimated mean streamwise velocities of turbidity currents between 1-3 m s −1 . The Coriolis parameter for this range of latitudes is between f = 0.076 − 0.177 × 10 −4 rad s −1 so that the magnitude of the Rossby number for the submarine channel system is approximately between 30-130, i.e. |Ro| ) 1. These large Rossby numbers indicate that Coriolis forces are negligible and the flow dynamics in the channel bends are dominated by centrifugal forces. Hence, the superelevation is on the outside bend and the resulting secondary flow field promotes upwelling at the outside (like in Figure 3a) , leading to the levee asymmetry between inner and outer bends.
[12] By way of contrast the NAMOC channel has low sinuosity with observations [Klaucke et al., 1997] suggesting that the mean radius of curvature of the channel is mostly 10-20 km and the predicted mean velocity is in the range 0.2-1 m s −1 . At latitudes between 53°-59°N the Coriolis parameter is an order of magnitude larger at f = 1.16 − 1.2 × 10 −4 rad s −1 so that the resulting Rossby number is between 0.05-0.5, with an average value of 0.2, i.e. |Ro| ( 1. The NAMOC channel system shows a continuous higher right levee system irrespective of left or right turning bends [Klaucke et al., 1997] consistent with Coriolis force rather than centrifugal forces dominating the secondary circulation and movement of sediment within the channel. Figures 2 and 3 clearly demonstrate that the Coriolis forces are important for high latitude submarine channel systems and give rise to flow patterns that explain the observations of levee height asymmetry in these channel systems.
Conclusions
[13] The influence of Coriolis forces upon the flow dynamics that we have reported in this paper will have implications for the nature of depositional units such as the "outer-bank bars" (OBB) or "point bars", as the orientation of secondary flows affects the position and geometry of these deposits [Peakall et al., 2007; Amos et al., 2010] . The outer-bank bars are depositional units that are likely to be sand prone and hence of high porosity which has significant implications for prediction of hydrocarbon reservoirs [Nakajima et al., 2009] . Based upon the data in Figures 2  and 3 we predict that Coriolis forces will affect the secondary circulation in successive bends of a sinuous channel differently; directing flow first towards the outer bank and then to the inner bank then back to the outer, as the channel turns to the left then to the right then to the left in the Northern Hemisphere. Thus the relative position and geometry of inner (point-bar) and outer (OBB) accumulations would vary between successive bends. We expect that this asymmetry in deposition patterns between left and right bends will increase as a function of latitude, changing from a symmetric distribution at low latitudes to a highly asymmetric distribution at high-latitudes.
